The suprathermal electrons of _>20 keV that extend from the hot thermal electron with 2 -3 keV temperature are sometimes observed in Earth's magnetosphere in association with reconnection. We study the origin of the hot and suprathermal electrons in terms of the kinetic magnetic reconnection process by using the two-dimensional particle-in-cell simulation. We find that the hot and suprathermal electrons can be formed in the nonlinear evolution of a large-scale magnetic reconnection. The electrons are, at the first stage, accelerated in the elongated, thin, X-type current sheet. Next the preheated/accelerated electrons are transported to the stronger magnetic field region produced by piling up of magnetic field lines due to colliding of the fast reconnection outflow with the preexisting plasma. In this region they are further accelerated owing to the X7B drift and the curvature drift. The mirror fbrce of the reconnecting magnetic fields, the effective pitch angle scattering that occurs when the Larmor radius is comparable to the magnetic field line curvature radius, and the broadband waves excited by the Hall electric current are the other important agents to control the particle acceleration.
Introduction
The origin of nonthermal, high-energy particles is a long-standing problem in space. It is known that the energy spectrum in the high-energy regime can be often described by the power law spectrum. Over the last several decades, considerable effort has been devoted toward understanding the origin of suprathermal/nonthermal charged particles, and various mechanisms have been discussed. One of the popular mechanisms is diffusive shock acceleration [e.g., Blandford and Ostriker, 1978] based on the idea. of the Fermi mechanism [Fermi, 1949] . This shock Fermi acceleration is widely applied for many nonthermal phenomena, because the mechanism can explain the observed ubiquitous power law spectrum with the power law index of 2. However, there are many outstanding questions regarding particle acceleration that motivate continuing research in the field. ]. The ion gyroradius is not necessarily smaller than the thickness of the plasma sheet, and the size of the magnetic diffusion region around the X-type neutral line is also known to be of the order of the ion inertia. length. In such a thin plasma sheet, complexity of the ion velocity distribution function has been reported by the Galileo satellite [Frank et al., 1994] , and a variety of the ion and electron velocity distribution functions are also observed by Geotail [Mukai et al., 1994] . The pla. sma heating/acceleration process based on the complexity of the velocity distribution function is being discussed.
On the basis of the recent understanding of kinetic reconnection structure, we revisit the origin of suprathermal electrons in the course of magnetic reconnection in a thin plasma sheet. Since the gyroradius of a suprathermal electron is not negligible compared with the characteristic scale length of the global plasma. sheet structure, kinetic treatment of electron acceleration seems to be needed. In this paper we study the origin of nonthermal electrons on the basis of the Geotail satellite observation and simulation modeling. Specifically, we study that, in addition to the meandering/Speiser acceleration in the vicinity of the X-type region [Speiser, 1965] , particle acceleration in the magnetic pileup region formed by colliding the reconnection outflow with the preexisting plasma sheet plays a significant role in the production of nonthermal electrons. We propose a two-step process such that the electrons accelerated near the X-type region are further energized around the magnetic pileup region.
Geotail Observation
Plate I shows one of the hot electron events observed by the Geotail satellite in Earth's magnetotail. These data are taken at a distance of •24 Re from Earth.
From the top to the bottom of Plate I are shown, the electron omni-directional energy spectrogram of _•40 keV, the three magnetic field components in GSM coordinates, the ion flow velocity in the x component, the ion temperature, and the plasma density. The Geotail observes the plasma flow transition from tailwa. rd to earthward •1752 UT, and during the fast flow region the weak magnetic field and the hot ion plasma are also observed. The magnetic field Bz is negative during the tailward flow, while it becomes positive during earthward flow. This is suggestive of a magnetic reconnection event.
From the electron energy spectrogram we observe the enhancement of the electron flux from 1742 to 1804 UT, while before 1742 UT and after 1804 UT the energy spectrogram shows more or less the typical plasma sheet electron. The electron energy spectrum for the time interval of 1745-1800 UT is shown in Figure 1 . The dashed line shows as a reference the therma,1 Maxwellia. n distribution function of 3.2 keV. The spectrum is well described by the thermal Maxwellian up to 20 keV, but over 20 keV one can find an enhancement of the phase space density above the Maxwellian level. The very low energy population is proba. bly due to a contamination of photoelectrons.
We also observe the nongyrotropic ions in association with this hot electron event (not shown here), which suggests that the thickness of the plasma sheet becomes of the order of ion inertia length. Nagai et al. [this issue] also discuss that the hot electron events including these data can be observed often near and in the Hall current dominant region. Therefore we think that the hot electron events are related to the magnetic reconnection in the thin plasma sheet.
It is important to note that the energetic electron burst phenomena. in association with magnetic reconnection have been reported previously [Terasawa and Nishida, 1976; Baker and Stone, 1976, 1977] . The acceleration site for the energetic electrons, however, still remains unresolved. The energy range of the electron burst is quite different from the Geotail hot electron event with _•40 keV, but we think that the hot electron event and the energetic burst event are cognate phenomena, because the suprathermal electron population in Figure I seems to extend to the higher-energy range.
Being motivated by this high-energy electron observation, we discuss how and where the energetic electrons and their trapping effect may also enhance the acceleration efficiency. The strong wave activity excited by the strong Hall electric current in a thin plasma sheet may also be an important particle-scattering agent . We find that these non-MHD effects are important in producing nonthermal, high-energy particles in the magnetic reconnection region.
Numerical Simulation
We use the particle-in-cell simulation to study the behavior of electron dynamics in reconnection. We assume the Harris equilibrium [Harris, 1962] The formation of the gap of the energetic electrons is probably understood as follows: the gap electrons were situated in the lobe with a low temperature before the onset of reconnection, and they were transported into the plasma sheet in the early phase of reconnection when the dawn-dusk Ey field was still weak. Therefore the plasma sheet temperature occupied by newly injected electrons is lower than that of the preexisting plasmas. Although the gap electrons are heated by the adiabatic compression in a way that is similar to the energetic electrons seen inside the O-type point, the number of energetic electron is small because of the initial cold electrons.
Electron Distribution Functions
We From the fact that such particles are distributed both in the positive and the negative Z domain, i.e., the south and the north hemisphere in the course of acceleration, we can deduce that the energetic electrons are produced after bouncing in the magnetic flux tube. Since the magnetic mirror ratio is quite different between the plasma, sheet and the boundary region between the lobe and the plasma sheet, some electrons ejected from the plasma sheet can be reflected back toward the plasma sheet again, depending on their pitch angles. On the other hand, for the case of the distribution (b) in Plate 3 (bottom), most electrons come directly from the X-point region without such a bouncing motion, and the energy gain is limited.
From the magnetic field structure in Plate 2, we know that the strong magnetic field gradient and curvature region exists near X/X = -6. The magnetic field pileup is produced by the collision of the reconnection outflow with the preexisting plasma. Since the direction of the electric field Ey is opposite to the •7B drift and the curvature drift for electrons, they can gain energy from the dawn-dusk electric field during the bouncing motion. We think that not only the acceleration in the X-type region but also this acceleration in the magnetic field pileup region is important.
Particle Trajectories
To understand further the behavior of electrons, we show several particle trajectories both in the x-z plane and in the x-y plane. Our simulation is carried out have a tendency to stay for a longer time in the plasma sheet, which in turn contributes to the preferential acceleration for the energetic electrons with n • 1. The particle's motion S5-E5, which is being confined in the plasma sheet during the VB drift, may be understood by the chaotic trapping with n •-1. We think that this process, together with the •7B drift, plays a significant role in boosting the particle's energization. We believe that standard particle scattering by electromagnetic waves is one of the important agents of acceleration. As shown in Plate 2, the strong, localized waves are excited in the boundary region. Hoshino et al. field pileup region where the V B drift and the curvature drift with n -• I play a significant role in acceleration, region III is the negative V B and the curvature drift region where a particle will lose energy by drift motions, and region IV has the mirror reflection of the particle. In addition, we think that wave scattering by turbulent waves in the plasma sheet is another important agent of acceleration.
Isotropic Energetic Electrons
The 
Discussion and Conclusions
Motivated by the nonthermal electron observations of Geotail, we studied the electron acceleration process in the course of magnetic reconnection by using the particle-in-cell simulation. We found that not only the acceleration process due to the meandering/Speiser motion in and around the X-type region but also the V B and the curvature drift near the magnetic field pileup region are important to origins of nonthermal electrons.
In 
Structure of Pileup Magnetic Field Region
The pileup of the magnetic field can be formed by the collision of the reconnection outflow with the preexisting plasma sheet. A tangential discontinuity that separates the plasma with and without the reconnecting magnetic field Bz is formed in the colliding region, and the plasma compression launches the fast mode magnetosonic waves propagating in both the positive and negative x directions, which in turn may form the forward shock and the reverse shock, respectively. The front of the reverse shock corresponds to the front of the magnetic pileup region, if the reconnection outflow exceeds the Mach number in the high-/• plasma sheet.
The stronger is the magnetic field in the pileup region, the more energization of electrons can be expected. In our simulation results in Plate 2, the pileup region is formed just ahead of the thin, elongated current region, and the pileup region is not well separated from the edge of the diffusion region. From another simulation with a large system size, however, we confirmed that the two boundaries are clearly separated, and we also find the intensity of the pileup magnetic field is of the order of that of the lobe magnetic field. Estimating theoretically the intensity of the pileup magnetic field is an open question.
Electron Energy in Pileup Magnetic Field Region
The energy gain due to the V B drift near the magnetic pileup region may be discussed by using of the shock drift acceleration [e.g., Hudson, 1965] . For quasiperpendicular shock waves it can be shown that the magnetic moment of an energetic particle whose Larmore raidus exceeds the shock thickness is approximately conserved across the shock front [Terasawa, 1979] . Some particles approaching the shock can be reflected from the shock, depending on their particle pitch angles, and then the VB drift parallel/antiparallel to the electric field can accelerate ions/electrons. In our reconnection case the pileup magnetic field Bpile is of the order of the lobe magnetic field, and the magnetic field intensity at the edge of the magnetic diffusion region, Bxp, may be estimated by 
Energy Spectrum
We did not discuss the type of nonthermal spectrum. It is important to know the energy spectrum and the efficiency of the high-energy particle production. We think that a Fermi-type acceleration may occur near the magnetic pileup region. Namely, the multiple crossing of the plasma sheet, depending on the particle's gyrophase, may lead to a stochastic acceleration. In our simulation study, it is still difficult to discuss very suprathermal particles because of the limitation of our computer resources. We cannot have enough particles to resolve high-energy particles. We think that a test particle treatment that takes into account several modules of our acceleration processes summarized in Figure  6 is a better approach for understanding the nonthermal spectrum. We are planning to study the evolution of the high-energy spectrum in another paper.
Dawn-Dusk Asymmetry
It is interesting to know how the energetic particles are distributed in the magnetotail, namely, to study the so-called dawn-dusk asymmetry. In the statistical survey on the dawn-dusk asymmetry for the energetic electrons of -•40 keV by Geotail, the count rate for the energetic electrons is found to be only slightly asymmetric [I. Shinohara; private communication, 2000]. In our simulation result the particle distribution in Figure 7 is broad, but the accelerated electrons are transported only to the negative ¾, i.e., to the duskside region. This large asymmetry is not consistent with the Geotail observations.
In our simulation we confirmed that wave scattering is occurring, but it seems to play a minor role compared with the energization by a large-scale reconnection electric field. Since a strong turbulence is observed in Earth's magnetotail, the wave scattering might be more significant in the magnetotail than is implied by our simulation modeling. The three-dimensional particle transport in the magnetotail might be taken into account [e.g., AshourAbdalla et al., 1997]. These are unresolved issues.
Other Comments
In the Geotail reconnection observations we often observe isotropic energetic electrons in velocity space. We demonstrated the formation of a similar type of the distribution in Plate 3 (d) in our simulation study, but we need a closed magnetic field to produce an isotropic distribution. In Earth's magnetotail the electrons trans- We think that the acceleration mechanism discussed here can be applied to magnetic reconnection in other planetary magnetospheres and in the solar corona. In the first stage of acceleration the energization occurs near and at the X-type neutral region. In the second stage the V B and curvature drift near the magnetic pileup region play an important role in stochastic acceleration. If the energetic electron acceleration occurs only in the vicinity of the X-type neutral line, the efficiency of acceleration normalized in the system size seems to be small. However, the size of the pileup region is not small compared with the reconnection system size, and we think that total efficiency of acceleration may become significant for the second stage of acceleration.
The electron energy spectrum obtained in the simulation is normalized by the electron rest mass energy, and we found the enhancement of the phase space density above the Maxwellian level for 5ele > 0.1mec 2. We used the artificial mass ratio between ion and electron, and the acceleration process is strongly coupled with both ion and electron dynamics. Therefore the scaling of • 0.1mec 2 to the energetic particles in the magnetotail still remains an open question.
Finally, thus far, we discussed electron acceleration focusing on the magnetic pileup region. We think that our acceleration mechanism can be applied for ions.
